/ϩ (n ϭ 18) are not statistically different from wild type (w118; n ϭ 14) in either average quantal size or average quantal content. Average quantal size is significantly decreased in three independent genetic crosses, including UAS-PKAact 1 ; MHC-GAL4 82 (n ϭ 11), UAS-PKAact 1 ; (n ϭ 12), and UAS-PKAact 2 ; 82 (n ϭ 13; p Ͻ 0.001; Student's t test). In each of these three genetic backgrounds, the decrease in quantal size is correlated with a significant increase in presynaptic quantal content above wild-type and genetic controls (p Ͻ 0.001). EJP amplitudes were corrected for nonlinear summation before calculation of quantal contents. ; (N, number of events; q, mean quantal amplitude). At right, sample traces show the reduction in quantal size due to overexpression of the constitutively active PKA catalytic subunit in UAS-PKAact 1 ; (bottom traces) compared to the genetic control UAS-PKAact 1 (top traces).
creases quantal size, whereas overexpression of a muResults tant regulatory subunit with reduced affinity for cAMP increases quantal size. A genetic analysis demonstrates Postsynaptic Overexpression of the PKA Catalytic Subunit Decreases Quantal Size that postsynaptic PKA controls synaptic efficacy by modulating the postsynaptic sensitivity to glutamate in
We first examined the role of postsynaptic PKA by expression of a mutant murine PKA catalytic subunit (H87Q; a DGluRIIAϪdependent manner.
Developmentally, the presynaptic motoneuron com-W196R) that is constitutively active (UAS-PKAact; Kalderon) exclusively in muscle using the GAL4-UAS expensates for a decrease in postsynaptic quantal size by increasing presynaptic transmitter release. The fact that pression system (Brand and Perrimon, 1993) . Two independent homozygous viable P-element insertions of the presynaptic neuron compensates for a change in postsynaptic activity implicates an activity-dependent, UAS-PKAact (UAS-PKAact 1 and UAS-PKAact 2 ) were used in these experiments (Johanna et al., 1995) . To retrograde signaling system at this synapse. Thus, much like glutamatergic synapses of the central nervous sysdrive expression of these UAS constructs, we used two independent lines in which the myosin heavy chain tem of vertebrates, both postsynaptic and retrograde signaling mechanisms may participate in the regulation (MHC) promoter drives GAL4 exclusively in muscle (MHC-GAL4 82 and MHC 5 -GAL4). of synaptic efficacy at this synapse.
To test the specificity of MHC-GAL4 expression, we expressed the tetanus toxin light chain (UAS-TNT C ; Sweeney et al., 1995) by MHC-GAL4 82 . The tetanus-toxin light chain abolishes evoked transmitter release when expressed presynaptically in Drosophila (Sweeney et al., 1995) . UAS-TNT C ; MHC 82 -GAL4 larvae develop normally and do not show any adverse behavioral phenotype, demonstrating that tetanus toxin is not being expressed in presynaptic motoneurons and that MHC-GAL4 82 therefore drives expression exclusively in muscle (data not shown).
Overexpression of the UAS-PKAact constructs driven by MHC-GAL4 significantly decrease quantal size as estimated by the average spontaneous miniature excitatory junctional current (mEJC) or miniature excitatory junctional potential (mEJP) recorded in muscle 6 in the absence of nerve stimulation ( Figures 1A and 1B not eliminate cAMP sensitivity. We increased cAMP in all caused a significant increase in the average mEJC amplitude (mEJC ϭ 159 Ϯ 6.2 pA) as compared to wild tissues using the learning mutation dunce (dnc), which quantal content (Ͼ50% increase compared to wild-type and genetic controls) that accompanies the PKA-dependent decrease in quantal size (Figure 1 ). This increase in quantal content is observed in each of the three experimental genotypes in which the PKA activator decreased quantal size. Furthermore, this increase in quantal content is observed in both voltage-clamp and currentclamp experiments ( Figures 1A and 1B) . Since presynaptic release is increased in response to a decrease in the postsynaptic sensitivity to transmitter, we propose that there exists a retrograde signal capable of regulating presynaptic transmitter release at this synapse. These results agree with those of Petersen et al. (1997) , who observe an increased presynaptic release in glutamate receptor mutants that decrease quantal size. The PKA-dependent increase in quantal size due to aptic release. Thus, under these conditions, there does not appear to be a presynaptic compensation for increased postsynaptic excitation. encodes a cAMP phosphodiesterase. Mutations in dnc A retrograde signal from muscle to motoneuron could increase cytosolic cAMP.
influence presynaptic release by increasing presynaptic dnc M14 significantly suppresses the increase in quantal structure. We therefore quantified bouton number for size due to expression of UAS-PKAinh 1 in muscle (Figure the junction at muscles 6 and 7 in abdominal segment 3). Quantal size in dnc M14 ; PKAinh 1 /ϩ larvae (88 Ϯ 8.4 A3. There was no change in bouton number comparing pA) was slightly smaller than but not significantly differwild type (bouton number ϭ 116 Ϯ 3.1; n ϭ 20) with the ent from wild type (100 Ϯ 7.5 pA 82 ϭ 157 Ϯ 20). Thus, increased cAMP opposes is no change in presynaptic bouton number in larvae in the activity of the overexpressed mutant PKA regulatory which PKA is inhibited in muscle (125 Ϯ 8.6; n ϭ 14). subunit.
Thus, a retrograde signal most likely regulates either the number of presynaptic active zones present in each Increased Presynaptic Transmitter Release presynaptic bouton or regulates some aspect of the Compensates for a Postsynaptic presynaptic release mechanism.
Decrease in Quantal Size
During the development of the Drosophila NMJ, a large increase in muscle volume is tightly coupled to increases
The Rate of Spontaneous Release Events Is Altered by Postsynaptic PKA in both presynaptic structure and presynaptic function. This coupling assures that the presynaptic motoneuron
In both current clamp and voltage clamp experiments, a reduction in quantal size (due to increased PKA) correis able to appropriately excite postsynaptic muscle. It has been proposed that this correlation between prelates with a reduction in the frequency of spontaneous mEJP events. The mEJP frequency in genetic controls and postsynaptic growth is maintained by a signal from muscle to motoneuron (Schuster et al., 1996a (3.45 Ϯ 0.25) . This reduction in mEJP frequency may originate postsynaptically, since Our data support the hypothesis that an activitydependent retrograde signal regulates presynaptic represynaptic release is actually increased, not decreased, in these mutants. It is possible that a PKA-dependent lease at this synapse. There is a significant increase in ; hs-GAL4 minus heat shock (-hs; center), and in UAS-PKAinh 2 ; hs-GAL4 with heat shock (ϩhs, bottom). N, number of events; q, mean mEJC amplitude. decrease in quantal size reduces the amplitude of many Second, to resolve whether PKA can modulate quantal size over the course of minutes, as observed for release events below the noise level. Alternately, these results may indicate that postsynaptic receptors are vertebrate receptors in culture, we stimulated PKA activfunctionally silenced by increased postsynaptic PKA acity pharmacologically. PKA activity was stimulated by tivity. There was no significant change in mEJC freapplication of a nonhydrolysable analog of cAMP, Spquency when PKA activity was inhibited in muscle, indicyclic adenosine monophosphorothioate (Sp-cAMPS), cating that silent synapses, or very small events, were a specific activator of PKA. Muscle 6 was voltage not revealed by increasing quantal size.
clamped at Ϫ80 mV before and after application of SpcAMPS to the bath solution. Sp-cAMPS rapidly reduced the average mEJC amplitude over the course of 10 min PKA-Dependent Regulation in a dosage-dependent manner ( Figure 5 ). A significant of Quantal Size is Rapid reduction in quantal size was observed as rapidly as 1 Changes in the conductance of the vertebrate glutamate min after the preparation was bathed in 100 M Spreceptor by PKA phosphorylation are rapid, occurring cAMPs. As with transgenic activation of PKA, the mEJC within minutes of PKA application to cells in culture.
frequency also decreased. However, since Sp-cAMPS To address this issue at the Drosophila NMJ, we have used two methods, one genetic and the other pharmacological. First, we used a heat shock GAL4 promoter to drive expression of UAS-PKAinh 2 . Wild-type and UASPKAinh 2 ; hs-GAL4 larvae were raised in parallel at the permissive temperature (18ЊC). One hour before recording from muscle 6 in third instar larvae, wild-type and UAS-PKAinh 2 ; hs-GAL4 larvae were heat shocked in parallel at 37ЊC. Recordings from control and experimental larvae, with and without heat shock, were performed during an interval of 1-3 hr after this heat shock.
Heat shock expression of UAS-PKAinh 2 caused a significant increase in quantal size 1-3 hr after heat shock (Figure 4 ). There was a significant increase in quantal size in UAS-PKAinh 2 ; hs-GAL4 larvae (minus heat shock) compared to wild type. This may be due to the leaky instead of Sp-cAMPS (n ϭ 6). Sp-cAMPS was bath applied to a final However, there is a significant 50% increase in quantal concentration of 100 M (n ϭ 3), 200 M (n ϭ 4), or 500 M (n ϭ size due to heat shock expression of UAS-PKAinh 2 ; hs-3). Baseline mEJC amplitudes were measured 2 min before applica-GAL4 over and above the increase in quantal size obtion of Sp-cAMPS at t ϭ 0. Following application of Sp-cAMPS, served in UAS-PKAinh 2 ; hs-GAL4 without heat shock mEJC amplitudes were sampled and then averaged at t ϭ 1 min, t ϭ 3 min, t ϭ 5 min, t ϭ 7 min, and t ϭ 11 min.
( Figure 4 ). was bath applied, this change in mEJC frequency could magnitude of this desensitization ( Figure 6B ). This effect of Sp-cAMPS is independent of the response amplitude. originate pre-or postsynaptically.
Finally, we directly tested the effect of PKA on the Resetting the response amplitude after application of Sp-cAMPS to the initial baseline amplitude by increasing sensitivity of postsynaptic receptors by iontophoresis of glutamate onto postsynaptic boutons (Figure 6) . the iontophoresis stimulus intensity did not significantly change the rate of desensitization (data not shown). L-glutamic acid was puffed onto a small number of synaptic boutons under visual control in 0 Ca 2ϩ saline. We These data, using direct stimulation of postsynaptic receptors by glutamate iontophoresis, support the conclustimulated PKA by application of Sp-cAMPS and examined the effect of increased PKA on the sensitivity and sion that PKA directly or indirectly alters postsynaptic receptor function. desensitization of postsynaptic receptors. During each experiment, we monitored both the postsynaptic response to iontophoresed glutamate and the average Mutations of DGluRIIA Eliminate PKA Modulation of Quantal Size mEJC amplitude originating from the entire ensemble of synaptic boutons at the synapse. In the absence of Two glutamate receptors are known to be expressed in Drosophila muscle, DGluRIIA (Schuster et al., 1991) and Sp-cAMPS, there was an approximate 10% rundown in both the response to glutamate iotophoresis and the DGluRIIB (Petersen et al., 1997) . Sequence analysis reveals that only DGluRIIA has an optimal consensus average mEJC amplitude over the course of 10 min. A 7 min incubation in Sp-cAMPS resulted in a significant PKA phosphorylation site (RRXS). Mutations that delete DGluRIIA are homozygous viable (Petersen et al., 1997) . reduction (30%-75%) in both mEJC amplitude and in the postsynaptic response to iontophoresed glutamate We, therefore, used these mutants to address whether the action of PKA on quantal amplitude was dependent in each preparation ( Figure 6A ). In several cases, the response to iontophoresed glutamate showed a greater on the presence of DGluRIIA. In larvae lacking DGluRIIA, increasing PKA activity by percent decrease than did the average mEJC amplitude. This is likely due to the PKA-dependent reduction of a application of Sp-cAMPS does not decrease quantal amplitude (Figure 7) . Thus, deletion of the receptor with portion of mEJC events below the noise level (consistent with an observed reduction in mEJC rate), which would an optimal PKA site prevents modulation of quantal size by PKA. These mutants have a ‫%06ف‬ reduction in the elevate estimates of the average quantal size.
Sp-cAMPS also increased glutamate receptor desenbaseline mEJC amplitude ( Figures 7A, 7B , and 7D). Interestingly, when Sp-cAMPS is applied to a wild-type synsitization in response to repeated puffs of glutamate at 2 Hz ( Figure 6B ). Wild-type synapses show a gradual apse, quantal size is reduced to approximately this amplitude ( Figure 7A ). These data suggests that PKA may decay in the postsynaptic response during repeated puffs of glutamate. Stimulation of PKA by incubation in inhibit or even silence DGluRIIA. We also examined larvae that were heterozygous for Sp-cAMPS for 7 min significantly increased the rate and the mutation in DGluRIIA. In these larvae, there is a small, well as mEJP amplitude, compared to controls ( Figure  8 ). A similar result was also obtained examining the though statistically significant (p Ͻ 0.05), reduction in the baseline mean quantal amplitude ( Figure 7A ), indifalling phase of mEJC amplitudes before and after application of Sp-cAMPS (data not shown). These changes cating that channel subunit composition has an influence on quantal amplitude. Application of Sp-cAMP sigin mEJP kinetics are independent of mEJP amplitude, since this difference is observed for mEJPs of similar nificantly reduces quantal amplitude in these larvae. After 11 min, the reduction in quantal size in DGluRIIA Ϫ amplitude in PKA-activated larvae compared with controls or in DGluRIIA Ϫ larvae compared with controls (Figheterozygous larvae plateaus at the same amplitude as the reduced mEJP amplitude in wild type ( Figure 7A) . ure 8B). Interestingly, the time constants for larvae with increased PKA are not statistically different from those However, the percent change in mEJC amplitude in the DGluRIIA Ϫ heterozygous larvae is significantly less than in DGluRIIA Ϫ mutant larvae (P ϭ 0.1, Student's t test). Thus, increasing PKA activity mimics the phenotype of in wild type ( Figure 7B ). Thus, PKA-dependent modulation of quantal size appears to be sensitive to the copy the DGluRIIA Ϫ mutants in two ways; both mutants have a similarly reduced mEJP amplitude, and both have a number of DGluRIIA.
Since the activity of PKA is dependent upon DGluRIIA, faster mEJP time constant of decay compared to wildtype and genetic controls. These data support the hyit is possible that PKA directly modulates channel function as has been observed for vertebrate channels. If pothesis that PKA phosphorylation inhibits or even silences postsynaptic receptors that include the DGluRIIA so, we would expect to observe similar channel properties in DGluRIIA Ϫ mutants and in larvae with increased subunit. Thus, PKA signaling may control synaptic efficacy at this synapse through the regulation of DGluRIIA PKA activity. Since the kinetics of individual mEJPs are influenced by their underlying channel kinetics, we comfunction, potentially through the creation and unmasking of silent active zones. pared the time constant of decay of mEJPs in DGluRIIA Ϫ larvae and in larvae with increased postsynaptic PKA.
The time constant of mEJP decay (fit with a single Discussion exponential) is significantly faster in DGluRIIA Ϫ mutant larvae compared to control larvae with both DGluRIIA
We demonstrate two distinct mechanisms by which postsynaptic muscle regulates synaptic efficacy: a PKAand DGluRIIB (Figure 8 ). This indicates that channels composed of only DGluRIIB have different kinetics than dependent regulation of quantal size and a retrograde, muscle-to-motoneuron regulation of presynaptic transheterologous channels or channels composed of only DGluRIIA. Genetically increasing PKA activity signifimitter release. Elevating PKA activity, either genetically or pharmacologically, causes a dramatic decrease in cantly reduced the mEJP time constant of decay, as quantal size as estimated by the average mEJC or the may regulate synaptic efficacy by silencing synapses or unmasking previously silenced synapses. Expression average mEJP. Conversely, genetic inhibition of PKA function increases the average mEJC amplitude. These of the UAS-PKA activator decreased quantal size and reduced the mEJP frequency. In these experiments, prechanges in quantal size do not appear to be the result of mislocalization of glutamate receptors to the synapse. synaptic transmitter release actually showed a compensatory increase in transmitter release to compensate for We present evidence that this PKA-dependent modulation of quantal size may be due to the phosphorylation the decrease in quantal size. Thus, the reduction in mEJP frequency may originate postsynaptically. Inof DGluRIIA, one of two cloned glutamate receptors in Drosophila muscle. Interestingly, a PKA-dependent creased PKA activity may reduce quantal size at many synapses below the noise level, thereby silencing a popdecrease in quantal size is correlated with an increase in presynaptic transmitter release. Thus, we further proulation of synapses that are normally functional at the wild-type synapse. Conversely, increasing mEJC amplipose that a retrograde regulation of presynaptic transmitter release may represent a second, distinct mechatude by expression of the PKA inhibitor does not change the mEJC frequency, implying that there are no silent nism for controlling synaptic efficacy at this synapse.
synapses at the wild-type junction. PKA activity appears to constitutively regulate synapRegulation of Synaptic Efficacy by PKA Requires DGluRIIA tic function at the wild-type synapse. The demonstration that inhibition of PKA leads to a large increase in quantal The modulation of quantal size by PKA requires the presence of DGluRIIA (Figure 7 ). This receptor contains size (40%-100% increase; Figures 2, 3 , and 4) suggests that there is a high basal phosphorylation of DGluRIIA an optimal PKA consensus phosphorylation site in its C-terminal tail (RRXS), now believed to be cytoplasmic at the wild-type synapse. This is in agreement with biochemical studies demonstrating a high basal phosphorby analogy with the vertebrate glutamate receptors (Roche et al., 1994b; Wo and Oswald, 1995) . Larvae ylation of the vertebrate glutamate receptors by PKA (Blackstone et al., 1994) . This level of basal PKA phosthat lack this receptor (DGluRIIA Ϫ ) do not show PKAdependent changes in quantal size. Furthermore, the phorylation may ensure that it is possible to rapidly modulate the synapse in either direction by changes in PKA physiological phenotype of larvae with increased postsynaptic PKA phenocopies mutants that lack DGluRIIA, activity. This PKA-dependent regulation of DGluRIIA may also modulate calcium signaling at the synapse. including an altered average mEJP amplitude and altered mEJP kinetics. This supports the hypothesis that Sequence analysis demonstrates that DGluRIIA is highly homologous to vertebrate receptors in the pore re-PKA phosphorylation of DGluRIIA is responsible for changes in quantal size. Interestingly, PKA modulagion that may be responsible for calcium permeability, whereas DGluRIIB is less homologous in this region tion of quantal size is sensitive to the copy number of DGluRIIA. Larvae heterozygous for a deletion of (Petersen et al., 1997) . Thus, specifically modulating the function of DGluRIIA could influence postsynaptic calDGluRIIA show significantly less modulation by PKA than wild-type controls (Figure 7 ). These data suggest cium influx. At vertebrate central synapses, PKA-dependent phosthat PKA-dependent modulation of receptor function may be influenced by the subunit composition of postphorylation of postsynaptic glutamate receptors may play a role in long-term synaptic plasticity. In vitro studsynaptic receptors.
Additional evidence supports the hypothesis that PKA ies demonstrate that PKA can phosphorylate several of the AMPA-type receptor subunits as well as an NMDA mechanisms that regulate synaptic efficacy at the Drosophila NMJ. PKA modulation of synaptic efficacy is a receptor subunit, and this phosphorylation results in increased current flow and calcium influx through these rapid and potent modulator of postsynaptic excitation. A retrograde regulation of presynaptic release may be receptors (Roche et al., 1996; Leonard et al., 1997) . In Drosophila, however, the action of PKA is to decrease a mechanism that acts over a longer time course to couple postsynaptic growth to presynaptic transmitter rather than increase the sensitivity of postsynaptic glutamate receptors. Increased PKA reduces the postsynrelease. Future genetic screens should allow us to dissect the molecular constituents of these postsynaptic aptic response to exogenously applied glutamate and increases the rate and magnitude of receptor desensitiand retrograde signaling cascades with potential implications for the synaptic basis of learning and memory. zation in response to repeated application of exogenous glutamate ( Figure 6 ). In this respect, glutamate receptors Experimental Procedures at the Drosophila NMJ are similar to the vertebrate acetylcholine receptors, which show increased desensitizaPhysiology tion due to increased PKA (Hoffman et al., 1994) .
Third-instar larvae were selected at the wandering stage after having There are numerous signal transduction cascades left the food. Larvae were dissected as described previously (Davis that converge on PKA and thereby regulate synapet al., 1996) . Whole-muscle recordings were performed on muscle tic function, including inhibition or activation of PKA for by an increase in presynaptic transmitter release.
(an average of 50-100 events). With resting membrane potentials Elevation of PKA activity in three independent genetic between Ϫ60 and Ϫ80 mV and 20 to 30 mV EJPs, the effects of backgrounds causes a significant decrease in quantal nonlinear summation are likely to be small. However, the data in size. In each genetic background, this decrease in we propose that there exists a retrograde, muscle-to-
The position of the recording electrode was carefully monitored motoneuron signaling system that regulates presynaptic visually throughout each experiment.
transmitter release at this synapse. This conclusion is further supported by the results of mutating DGluRIIA Immunohistochemistry Third-instar larval neuromuscular junctions were dissected and (Petersen et al., 1997) , which show that a decreased stained with anti-synaptotagmin to visualize synaptic boutons acquantal size in DGluRIIA Ϫ mutant larvae is compensated cording to the methods presented in Schuster et al. (1996a Schuster et al. ( , 1996b .
for by an increase in presynaptic transmitter release.
Bouton numbers were quantified at muscles 6 and 7, also according A retrograde regulation of presynaptic transmitter reto the methods of Schuster et al. (1996a Schuster et al. ( , 1996b (Orellana and McKnight, 1992 (1976) . Molecular a homozygous hs-GAL4 insert on the third chromosome.
mechanisms of cyclic AMP action: a genetic approach. Recent Prog.
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